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AN E;ECTROEIC—MECHANICAL QQKTROL;FUREHN”EKERATHORACIC ARTIFICIAL HEART

‘\ B

Klrby W Hiller B. S.*, Wolfgang Seidel €idel M.D. **. Willem J. Kolff M.D.¥#*

INTRODUCTION U AN Int g Aoy N 65 Bjm

Attempts to develop an optlmum 1ntrath0rac1c art111C1al heart pump

have resulted in a family of pumps which have their moving element acyuated

by a pulsating fluid flow, gas or liquid. These‘pumps hay have a movng

piston, a flexing diaphragm, or a colapsing bag as the blood pumping element.

They are designed to be light-wieght and reliable. Hemolysis is minimized

by techniques such as rolling diaphragm seals and non-touching surlaces.

Antifhrombotic characteristics are promoted by arrangement of ports to

promote swirling blood flow. Further description of these pumps and the -

medical framework in which they must be considered can be found in the

. companion paper to this one.

The actuating fluid’is ducted to the pumn via small diameter tﬁbing.
With proper control of this driving fiuid, ideal operation of the pump
can be achieved. An outstanding feature of the fluid-driven pump with
external control system is that great flexibility of cperation is possible
without adjustment of intrathoracic components.

It is the purpose of this paper to discusé some of the functions which
an ideal control system for this application should perform., to describe
haw a maximom flexibility "first generation” system was developed, and

to indicate a possible course for future progress.

* Research Engineer. National Aeronautics And Space AdmlnlqtratLon

Lewis Research Center. Cleveland, Ohio.
** Former Fellow, Cleveland Climic Foundation Cleveland, Ohio.

**% Head, Department of Artificial Organs, Cleveland Clinic Foundation,
Cleveland, Dhio.
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I UTREMENTS OF CONTROIL. ~YSTHEM

A typical {luid actaated heart pump is shown schecatically in FPig

The movine

ston moves to the leit. opening the inlet valve.

and draving in a volume oi biood from the venous svatem:; it then moves

to the richt., closing the inlet valve. opening the outlet valve. and [orces

the volume of blood into the arterial system. Tt might appear that a satis-

[
{2,

factory device to pulsate the dviving {luid could be guite simpic. Yet vhen

ot}
/

mple. infllexibie device was uvsed Lor the first tryv. the linited =success

of the resuiting expericents Torced the conclogion that a more phvaiologic

wave o of punping actioun was recuived. The next step was to bulld a systen
which included many degrvees of adjustability. Starting with this waxinum

flexibility or laboratory type system it should be easy to deiine the nere

specific requirements of {uture portable type systems by locking out surceriloous

carabilities, one-by-one. once a success{ul experiment is doing.
tne adventage oi starting with a laboratory tvpe svsten is that as

punp ing reouirerents change. with changing

ogorhy. adjustients
can be wade without the necessity of redegigning and rebuilding a sob-comdonent.

4 B T 4 4
vorh s that

Ancther advantage ol lhe laboratory systen for the

it can be composed of any available laboratory equipenent, pal together in

bleck form. to give unliimited new capabilities. ﬁﬁﬁ“,?t could

utilize digital and analo¢ computers, oscilloscopes. el eci;omvohdulca,

serva comnonents. ete. Adopting an olf-the-sheld 10nroagh ri‘h little concern
K

for size and power con=wsption can prowote rapid a“”exb iy end regrouping

of conponents.

It s next n order to set down with imagination s

for a control systes to periomn this [vnetion:
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IXT.CUTE CAPABTILITIES DECIDE CAPABILITIES

1% UWAVLTORM®  Can be programmed for

any desired waveform of actuating

fiuid pressure (a.t.p.).
2%  VYFLOW BALANCE™ Pernmits pump inflow

siroke volume to increase with in-

creas . ng veinous return pressure.
3% TPOSITION BALANCE" Can be made to 6* TPOSITION SENSING™ Senses
. change level of a.f.p. to rebalance pump moving element positon

pump moving element position. and develops instructions

for changing level of a.f.p..
4*  TUAMPLITUDL” Can be made to change

anplitude of a.f{.p. waveiorm. 7% UDESIRED FLOW SENSING™ Senscs
desired blood fiow rate and
5  "PULSL RATL” Can be made to change develops instructions iur
time base of a.i.. wvavefcrm. changing arpiitude and 1ine

base of a.f.p. waveforn.

It is noted that all of the above capabilitues except £5 have an asterish

after the number implyving that they must be implemented in a dual channe! fazhion.

Thus a system with capabilities 1-7 would be required to perform 13 functions.
6 fual Tunctions. and 1 single function.

An explanation of the need for the above capabilities will be given in
in the ifollowing sccticns:

The waveiorm recuirement ! is the main reason for abendening the simp.e

svsten Tor this more complex rachine. Tt is desired to be ab:e. by suitab'e

of some matrix of centrols. to "write” any waveform for the two pres
We would like to try pressure waves which are identical to those in the dog's

ventricle. or as an alternative we night substitute a

* Denotes a function vhich must be permormed in a dual chanel manner. once

for the left heart. and vonce Tor the right heart.




wave form that s =harpey, or move Centle than the natvral waveiors

~
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gradaa: w want to ¢radual'v change the wmode of

purping to =ece i1 the circulatory -yvetem will adapt itsel]

to something

new.  Perhaps we couid start with the Jeft and right heerts Humping

n

Imultaneously and then &witch over to make them pump a'ternately. or

something between theze two.  In other words. zince the fluid driven heart

v 1

will pump in respense to any tvpe of driving pressure. we wonld like to
ge. Thus we can {ind out what are the speeiiic ro-

aquiverents of 2 {otere portable control and we can do basic phvseiclovica!

re=zcarch on the circulatory system.
The need for the Flow balance requirer.-' 22 is due to the obvious

necoszity ol heeping the long time intesrated {low from the left ond right

hearts ecual. 17 the control fai!s to do thiz the patient mav die. for

example. frop puimancyy edona. Tn this case we velyv en a mechanisw

that = inherent in the circulatory svstes vhich cause= the 1wo veraw:

veturn Hressures

toovary in proportion te the blood volnme unbeance.

Thus the control must permit the ponn to resnond with larcer =trores if

i1 oexperiences a higher veraos reotirn preszure. and vice versa.

Reguirements =53 and =6 are written side by side becausze they are the
"oxeeute” and Tdecide” counterparts of the ame capability. nawely to keep

the moving element of the heart pump stroking in the face of changes in

blood pressure Jevel. Refering to Vigure . we uote that Po will eouald

P, except for the stiffmess of the diaphragn. « Assvme. for the moment. thot

Por e Now I the instantanecous value of b, is greater than .

vieove wili open and the punp will force bicod into the artery. But if the
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blood preszsure level in the artery increases due {o stimilation of the patient
and i{ P. continues to exccute the same wavelorm az belore. the nressure
in the ventricle mav not rize high enough to ¢pen the cutlet valve. Thus
there will be no {orcward stroke but the return stroles will continue so

| in a few cycles the ventricle will be distended with blood and pumping

will cease. Cbiously the contro! must

sermit an operator to change the

1
L

d.e¥ level of T .to keep the pump in balance - this is capability 3.

13 1

Moreover it would be desivab’e for the control to "know™ what the output

e pment 12 doing and to Tdeclde” which changes to male Tor corrective action-

i

this is capability 6.

Requirement =7 iz written beside requirerents =4 and 33 since they

i
are the "decide and “execute’ counterparts of the same capability. namely.

«on
1

to chanve biood flow rate. Capabilities =4 ana #5 make it possible to

vary the How rate from the artiticial heart. either by increased voj
01 each stvole. ar by inercased {requency of strokes. The pulse rate

vequirerment =3 innlies that the time base of the presscre waveform can
be varvied. Specifically. it is desired to be able to independently
vary the time base of the two phases of the waveiorm. namely the systoie

1 ole and diastole can

ol

and the diastole. Thus the relative dwell of sy

be varied as a funetion of pulse rate. This will enabie us to increase
pulse rate by shortening diastole period only with systole period held

comstant. or vice versa. or something between these two.

The stvole amplitude capability =1 lets us chande {low rate by
changing the amp!itude of the a.c. component of the pressure wavelorn.

Adding this a.c. component of controlled pressure to the d.c. component

* d.c. and a.c. (direct current and alternating current) are tzcd here to
1 VR , - . . , P N ’
genocte tihe Slowly varving or ve stively {ixed.and tl

components of the pressure wave o oo
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from capability =3 dives the output pressure.  Capabilitv =7 im
the control hag a way of "tnowing™ the

and can “decide’ what chandes to mle in

e and pilse vate for
corrective action.
n the above paragraphs we have expiained what these seven reguiresents

of the control system can mean to the patient and to the research dircctor:

some of them are necessary for surviva! of the patient. others are neceszgry

for his comtort. =till cthers open up new arcas of phyvsiological rescarch
It iz next of interest to note vhat degree of effort theso capabi!-
itiez. or their ghsencel wicdht recoire fvon an operator of this coninerent.

To this ond we =et down the {o

TINCTION RERTTNG PATIINT CACTIVE PATIINT

» N ~ - . ~ - .
1 Waveform fnitial Tnitial

A Flow Palance None None
« e, . ~ . ~ . v
2 'ositicn Palance ~—= Continual ~—- Continal

- I . . 1 .
4 Amp T Itude Tnitia; —=—— ; Cont inua

3 Puize Rate Jnitial - - -e Cont inna’ e

6% Postion Sensing — None - lone

7* Dezired Niew Sensing None e e : None — - e

3 Plus €° Lo=None . = Nomne

4 Plusz 3 Plus 7° o None - NONEO g —mie
The fivst thing 10 note abont the chove table s that the veorioes

capubitities. talen one ot o {ire. roquire the tynes of o fert indicated

rom the ecoivecent operator: bhut when these capebilities are taben in

groups |ike O oalus o the eifort reguired from the operater js
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reaueea to notning.

congider these

with capabilities J-5

n

With a !-7 system the

perform two {unctions
in two chanelis For a

continual ly:

For a =omewhat mo

have no

he wou'ld have three fu

'd now be @

ConNtyrol wou. Deoa
pulse rate.
For a system with

to perform continually

wottid now be adjusting
then, would be a comp!
svsten.

The systen 10 be

used with hellolram

sach type heart. The

not arise from the lac

of moving e.cment posi

capabilit

adjust two

> make the picture pertfect!y reaiistic it is= best 1o

ies in reascnabie groupings: {for example a svsten

would probably econstitute a minumum essential

systoem,

operator whose patient was resting would have to

continually: adjust d.c. levels

n active patient he would have to perform five functions

N

levels. two ampiitudes lse rate.

. and one pu

r Ve

re complete svstem having capabilities -6 the aperator

s 1o perform continually Yor a resting patient. and
metions to perform for an active patient 1the
djusting its own Jevels. but not its amplituvdes and

capabili the operator would have no functions

for an active or a resting patient. The svstem

its own levels. amplitudes. and puise rate. This.
etelv avtomatic. self-monitoring. and self-correcting
dezeribed in this paper has capabilities 1-6 when
heart and has capabilities 1-5 when used with a
absence of capability #6 (Position sensing) docs
k ol electronic capability to take a sivnal idicative

tion and transform this to a signal suitable for

changing d.c. Jevel of the actuating Tuid pressure: instead it stems
from the lack ¢ transducer Tor the =sack heart A

deve lopment

cor of

1
TOWTEOTOY o s1uH =g
hawever. compazed

inderway,
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sensing job was simpler since the outpnt element was poszitioned by a

shait connecting two pistons: thus an "off-the-shelf" variablie rcluctance

0]

psouition transducer could be used.

To implement capability =7 has not yet begn seriously considered.
Electronically this capability could be easilly handled in a svstem
which incorporated an analog computer. provided only that the signal

indicative of recuired blood flow rate were available. Thus. again.

the nmissing i nk is the specialized transducer system to sense this

paramater. To sense something approximately correct like bicod oxyden

concentration. could probably be done with existing medical electronic

n

instrumentaticn. In any case capability #7 is within the realm of
possible implementation within a few months if interest were high
but hasg not yet received much attention.

It is of interest that,with the exception of the "reguired blocd
flow rate” transducer. all ol the ejuipement to implement capabilities
P17 Tor a strictly isboratory system is available on the basis of oli-
the-zhelf subcomponents: theze. ol course. must be selected and asser-
bled in a sensibly enginecered systen. Scientilic progress in the aero-
space industry is making these subcomponents availabie as better sub-
assembties making it an easier job to assemble sueh a system. Within
one ycar cnough new eguipement has become available to make considerable
improvement possible in the design of the next system o1 this type.

One exanple of this is the transistorized desk-top analog computer.
recently available. which can nerform many of the functions required

in this type of system.
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CUNERAY, DESCRIPTION O TUTCTRONTC

PRESSUPRL CONTROTER

A cont:

SYRTen wds

the Saboratory and the

computer insta’sat

of its components.

portabi
.

special ized develo

1
1

-
o drive i

T - 1 -
CLoctyic povey and 1o

dog s shown in Vigure

sereen vas inciuded at

a controe!l pane’ consis
adju-t the =vatern as
panel wore Tled
are used 1o
a- ner regairesent
adjustment
he

cain manipulation.

Care wa= taken throughout 1o place controls

teit. and vice versa.

hears.

rtechnicues 4o

caze was [lexibi

At the same time thiz advantage was baught at the

equipement necessary for the repetat ive geperat lon of

a

phatograph of the equipenent

For menitoring purposes a two chanel

ting of

DO rect ireents B4

W

progran the systen i'or the desived wavelorns of

in one of these

bive for the right.

built a Tines ol a ¢

1

LT E SR
portab e approacn.

yment of some circuits.

The svstem. which 7= housed in a single relay rack on castors,

v nnewnat

fon atthough analoy computer 1ype cireuits were use

d

As a consequence it had the advantage of a degree of

in

Tt did not depend upon an cna oy

<
S0

Sone

h
] -

incudes all

?(.

oy sack tvne hoart < Tt vecnives external
gource of positive and necative pnewsatic pres=urc.
inouse in oan artificiai heart experd

) -
0sC
cve leve! for a scated operator.

Five precision

et

and & above

-
(951

Naiy cees potentioneters on puds

matricecs. Besides

others were located {or
For the feft hoart
The controls
wroeach in con=in

T R
Fay dby

from off-the-<heid

ol 3

woent

) ) DT
-l arawan

Yoot " .
GV oy

O

Below thi= was

with a

iiloscope with long perzistence

in=

petentioreters ax nece=sary to

Below the contyod

DO s SHTe

* above: the operator in the photoorash = shown cab

pininum wiring compiexity.

the

wiion was 1o

CoOmpenent =,

[

o1

AR SN O R

connect ong

A

~1
i

dn

these corponents. which require

C.

nrice ol requ yng

"
(e

Ted

operator’ =

R

!

CTONeR

1

were a0=0 color-coded using rod for the leit

1O
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viicther actual valive posit

s in ':! correstondence

with dex'red valve nosition. The eyior

vhere actual and desired position are 'n correspondence.

The more impoyrtant foop around this 10 pressure feedback oo

shokn in

variabie reluctance type pressure transducer and . ed back t.

circuit. The resplting system iz the preszure serva. fwo of W

vecuived. cne {for cach =7 its overa'l chas

ar

irives the vaive Lo o posit

as

(&}

Tl

Here cutput pressure from the servevalve is sensed with a

a comparison

CACT 60—

Pt Tes ave worth eonzidering, Beino a hich gain icedbac! syvsten i1 G5 Dovwae
1o o many o the shortcommings of wler open foop svsters beecause the Vgt
“lnows” what the ee- b iz doing. I suppiy pressure chanves the vaive

seply moves 1o vhatever position is necessary for ontpnt sressure to be in
b:l correspendence with input voitage. I1 is reasonably immune to chances in
valve {ricticon. ampliiier cain. lead leatace. supoly pressure. sower ine
voilave, in short most didiiculties vhich aviect the Yoreward nath. Tt

= oot tooerant. however. to diviicw ties In the decdbeell nanhs . partiov i ar D
the ovter oo Yeedbach path. Thus 1D the feedbac! paths are nade sing e and
veliab e such a gysten can be trusted to perior: asz a faithin! slave or zerve.
Bevond thia point the two loop pressere servo will be considored as a fack

b with an inpet of a d.e. voltade and an ouinut of

as shewvm in Dionre 10

PROGRAMARIE. T NCTTON GENT

ATCR

Two nressure servos ol the tvre Just

o =uitable device 1o =upply the neceszary

deseribed the addition of

Trieaed

a pneumatic nresaure.

. ihe required conirod

vortaces wonld Jive the three principie conponents
svsien for the Fluid driven hearts. A bloch diavran ol soch a systen
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Several requirements must be met by the [unction generator.
1. It had to permit completely arbitrary programming of the two
voltages with the program being repeated cyclically.
2. The program was to be run with a variable time base to give a
a variable pulse rate.
2a. The time base was to be set up seo that during one cycle the
functlion was to be swepl a two speeds, one speed {or the systole

ind one speed for the diastole.

i

jsb)

A proposed schedule was set up for the svstole and diastole sweeping

speeds as shown in figure 12. Thus at low pulse rates diastole period

ey

iz to be twice as long as systole period, while at high pulse rates a
.

1:1 ratio of periods is to prevail.

To satisfy thi

N

: set ol requirements a multi-gang motor driven

p

notentiome’ er was set up as shown in Tig. 13. The two potentionetiers
have 24 tane each at 139 intervals. I these taps are =upplied with

b

24 constant voltages from low impedance sources then the output voltages
will be a twentv-four straight line segment interpolation between success-
‘ive taps as shown in Fig. 14. The potentiometers chosen were long life

conductive plastic units with a usable life of over 100,000.000 cveles.

One gives the voltage function for the left pressure servo. the other for

)

the right pressure servo. Two matricees of 24 fixed potentiometers each

[¢4]
14

were set up to power the taps of these cycling pots. These could be

A

programned to any desired voltage tunction that can be reasonably approx-

81
~

imated by 24 straight line segments.




Huwsa, T9 ARG - R

| . .t

A two phase servo motor was used to drive the cycling potentiometer
and feedbacl from a tachometer was used to male a responsive closed-laop
speed control system. To satisfy i+ requirement for independent sweep-
ing speeds for systole and diastole a cam actuated microswitch was
used to select one of two inpuf~voltages for the comparison circuit
of the amplifier. These voltages. in turn. were derived from a single

manual potentiometer on the control panel which was cailibrated lor pulse

rate in beats per minute. The system was set up for 12 taps of each

o

et
]

cyeling pot to be assigned to systole and taps for diastole. Thus

at low pulse rates the motor sweeps twice a

o

fast thl’OUgh +he 12

n

vstole taps as it does throuch the 12 diastole taps. Pulse rate
o

T i b

'

increase is acchieved mainly through speeding up the diastole sweeping

speed as the program of Fig. 12 indicates.
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OVERALL SYSTEM

i

A sumarized three blocl diagran Jor the complele systen is shown

3

in figure 1

(i

The function generator is the starting peoint Tor the

system and it in turn receives a "desired pulse rate” instruction

from the equipement operator. The two output voltages from the function
generator then drive the two pressure servos. their outputs being the

two contreolled pressures which drive the two artiticial hearts.

The picture ol ig. 11 is svmplified and can be invroved by

ingerting some oi 1he controis which give the svstes some i the
capabiiities described earlier.
Regiirement =3 calls lor the capability to change the d.c. level

of actuating fluid pressures. This can be done by simplyv adding two

PR

d.c. veitages to the inputs of the two pressure servos. This modiif'ication

is shown in T'ig. '5. The input to the servo in now the sum of the output

o the function generator and the d.c. level canteol. 7t can now be shown

that such a pressure zervo can permit other things to be done with an

.

o

artilicial heart besides repetative cyveling. 711 the voitage irom the

-

frmction generator is held 1o zero the outout pressure of the serve will

- contral . -,
foitlow the d.c. leve: onity: thus it can be set at any positive or

negative vaiuve as the operator chooses. Output pressure will lolicw level

-~

torbel position instantly and with precision. This can now be vsed for very

slow cyeling of the heart. tor holding it in anyv desired pesition.

" oy . R
for calibrating the heart.

r
e
~
ot
€]
et
=
Q
L.
ot
=
¥,
-

he heart just once to free it
of trapped air. etc. The output {rom such a pressure servo. incadenta'y.
can be vzed to drive any other type of sressure input equipement with the

inprt Noetion taken manuallv., {rom the existing fimction dgenerator. or
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.
fror. any other electronic function generator.

Reguirement #4 cailes for changing the amplitide ¢v the {luid
pressure waveiorm. This requires oniy that the azplitude of the voltage
fed from the function generator to the pressure servo be under manual
‘conirol. This is done by simplyv introducing two amplitude contrtis aa
shown in fignire 5. This feature nermits a swooth onset of beating of
the tuw: hearts: by tioming up both amplitudes carelully the opevator can
follow some cesired startup program.

Requirerent =6 implies that the control must sense heart pump moving
elenent position and antomatically generate its own level signal for
vepositioning n»urposes. In other words. returning to f{igure 16. soume
antomatic device must be found which will "know” what the output element
is doiny and will put a third signal into the swmming junction at the
sressure servo input.  This éignal shouid not be an instantaneous itype
simal Iike the other sizna’z in the syvstes but it should be similar
to the action of a human operatoer making an adjustment; after a lew
cyveles of strobing too far toward one end of travel it staris maling a

correction in the piror o direction. Of course the position transducer
in the heart pump is a {irst recuirement. This then requires electrical
commmnicaticn with the heart pump. In the case of the bellofran heart

I ~ 2
t

an {7 -the-shell variable reluctance position transducer can be us=ed;

in the case of the bag heart inductivn coils are used. 1In either case
the 3 Ke a.c. excitation current and the a.c. output signal are commin-
icated to the heart via small dianeter insu.ated wires inside the

pneunatic line. The a.c. signal form the transducer is demodulated

to give a d.c. outputl voltaye and then fed to the swminy juncticn




via a long time constant e’ectironic filter circuit. The resulting

conficvuration is shown in fifure .. It is noted that the ocutput

voltage ram the demodulator is an instantaneous signal indicative

o
[¢)
03]

of heart pump position. hence a good parameter for monitoring purpo

it che two pump positions are simultaneously displayed on a two chanel

oscilloscone while pumping is in progress it becomes obvious

i one pump is in trouble and what to du for correctiion. The purpose

i the Uiiter on the ontput of the demcdulater iz to nrovide the slowly

responding output necessary for this tyvpe o corvective action.
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ADDITIONAL CAPABILITIES

The control syétem developed for this application had a few add-
itional capabilities beyound those which were stfictjy necessary to
satisfy the requirements set down above. These additional capabilities
are in the area of readout signals and displays.

Specifically, it was noted that since pump moving element postion
was available it should be possible to use this signal for more than
a simple position display. For one thing in a piston and cylinder
pump the instantaneous flow rate into or out of the pump is simply

the product of piston area and instantaneous piston velocity:

o (em.%/sec.) = A, (em.2) v (cm.ssec.)

P

I. the piston velocity is positive fluid is being pumped out of the
cylinder: if it is negative fluid is being drawn intc the cyiinder.

This samne relation applies for a bag type heart ii we postulate an

the pistop pesition

172)
g2}

appropriately sized virtual piston area. 1In any cas
signal was differentiated electronically &nd muitiplied by an a
riate ccnstant to give the instantaneous flow rate signal. This signal
was made available on a test jack for monitoring purposes. What it
really shows is instantaneous flow rate in the heart which is the sum

of arteriel and vzaos s instantaneous flow rates. The positive peaks

[

of this {low signal are the arteriel {low, the negative peals are vZaows
jow. A diagram to illustrate these signals is shown in Fig. !*. The
next step was to electronically calculate an averaged bliood flow rate
for the two hearts and present the result for visual display. This

required rectiflying the heart flow rate signal so that it shows the

|
|
|
|



HiLeca Fr Al - 17

-

swm 0f arterial and venows instantaneous flows rather than their difference
and then fillering the resulting voltage with a slow filter. The result

is then displayed on a galvanometer calibrated in 100 divisions which repre-
sents "percent of maximﬁm blood flow rate". The overall system with these
additional readout elements is shown in Fig. 19. This then represents the
complete system which was developed for' this application. This system

has been shown to adeguately fulfill requirements 1-6 with a bellcfram heart
and will soon be extended to do the same with a bag type heart. It permits
smooth startup and air removal f{rom the artificial heérts; it permits exact
monitoring of heart pump moving element position, and pump flow rates:

and it operates with a great enough degree of'self-adjustement to satisfy

the requirements of most present day intrathoracic fluid driven artificial

heart experiments.




FUTURE "RECCOMENDATTONS

The "{irst generation? syvstem here described is presently a working
system. the only one of its kind, and destined to see much futgre use.
Enough experience was gained in its construction and use to point out
many areas for improvement in future work of this type.

Starting [from the top,.: it should be recognized that maintenance.
and upgrading of such a system can be handled only in an organization
which is staffed with persons having the equivelent of an electrical or
mechanical engineering education with considerable electronics and
servomechanisms experience. The services of electronic technicians
are also requisite.

Fature machines should:be built with a view toward high reliability
of operation and should,-at the same time, include a "satisfactory
operation monitor". This monitor should have the capability of
detecting a mal function in either chanel and . when necessary. should
automatically switch over to a standby machine.

This machine required external connections to 11C v and to positive

and negative pressure supplies. For neater packaging, the next system

should include its own internal compressor/vacuum pump, suitably vibration

and accoustically isolated. This pneumatic system should be usable with
helium, €0, - and air.

In designing future machines it is reccomended that the system
consist of a two chanel pressure servo with a "satisfactory operation
monitor!” and an internmal pressure,vacuum system,-as mentioned above,
ples.a desk top type analog computer, and a eentral control panel for

coordinating the system. The analog computer should be obtained with

e e
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removable problem boards and should be of good encugh quality to permit
its use with other medical dynamic simulation and controls type research
projects.
A research organization sériously interested in doing artificial
heart research directed toward human patients should have at least
two such machines. with one available as a standby. 1In view of the
long term nature of this and of successful animal experiments, several
machines of this type may soon be part of the scene in medical labaratories

daing circulation and artificial heart research.




